sensorimotor 23 24 Acknowledgements: 25 We thank M. Sizemore and S. Gale and three anonymous reviewers for helpful feedback. 26 ABSTRACT 30 Activation of Type 1 cannabinoid receptors (CB 1 R) in many central nervous system 31 structures induces both short and long term changes in synaptic transmission. Within 32 mammalian striatum, endocannabinoids (eCB) are one of several mechanisms that 33 induce synaptic plasticity at glutamatergic terminals onto medium spiny neurons. 34 Striatal synaptic plasticity may contribute a critical component of adaptive motor 35 coordination and procedural learning. Songbirds are advantageous for studying the 36 neural mechanisms of motor learning because they possess a neural pathway necessary 37 for song learning and adult song plasticity that includes a striato-pallidal nucleus, area X 38 (homologous to a portion of mammalian basal ganglia). Recent findings suggest that 39 eCBs contribute to vocal development. For example, dense CB 1 R expression in song 40 control nuclei peaks around the closure of the sensori-motor integration phase of song 41 development. Also, systemic administration of a CB 1 R agonist during vocal development 42 impairs song learning. Here we test whether activation of CB 1 R alters excitatory 43 synaptic input on spiny neurons in area X of adult male zebra finches. Application of the 44 CB 1 R agonist WIN55212-2 decreased EPSC amplitude; that decrease was blocked by the 45 CB 1 R antagonist AM251. Guided by eCB experiments in mammalian striatum we tested 46 and verified that at least two mechanisms indirectly activate CB 1 Rs through eCBs in area 47 Endocannabinoids (eCBs) mediate activity-dependent changes in synaptic strength via 56 activation of type 1 cannabinoid receptors (CB 1 R) throughout the central nervous 57
X. First, activation of group I metabotropic glutamate receptors with the agonist DHPG 48 induced a CB 1 R mediated reduction in EPSC amplitude. Second, we observed that a 10 49 second postsynaptic depolarization induced a calcium-mediated, eCB-dependent 50 decrease in synaptic strength that resisted rescue with late CB 1 R blockade. Together, 51 these results show that eCB modulation occurs at inputs to area X spiny neurons and 52 could influence motor learning and production. 53 54 INTRODUCTION from variable vocal sequences to stereotyped song, a phenomenon that typifies the 84 reinforcement-based process underlying many forms of motor learning (Troyer and 85 Doupe, 2000a,b) . CB 1 R activation may contribute to long-term change in this circuit. 86
Systemic activation of CB 1 R coincident with tutor song exposure during development 87 induces severe vocal impairment, indicating that disruption of eCB activity interferes 88 with the production of stereotyped song (Soderstrom and Tian, 2004) . 89
The role of endocannabinoid modulation in area X is of particular interest 90 because spiny neurons in this nucleus receive glutamatergic input from both the pre- Vibratome 1000 Plus (Vibratome, St. Louis, MO) in ice-cold ACSF and then transferred to 114 a storage chamber containing ACSF heated to 30-35°C. The storage chamber was 115 allowed to cool to room temperature after slicing was completed. In both the storage 116 and recording ACSF, HEPES was replaced with equi-osmolar NaHCO 3 . All solutions were 117 continuously bubbled with a gas mixture of 95% O 2 -5% CO 2 118 119 Electrophysiological recording. Slices were allowed to equilibrate for 1 hr. in the storage 120 chamber before recording. For recording, a slice was submerged in a small chamber 121 perfused (flow rate, 2-3 ml/min) with the HEPES-free ACSF containing the GABA A 122 receptor antagonist picrotoxin (150 µM; Sigma, St. Louis, MO), osmolality 290-310 123 mOsm. Slices were trans-illuminated and viewed through a dissecting stereomicroscope. 124
When trans-illuminated, area X is visually identifiable as a dark region in the medial 125 striatum, ventral to the dorsal arcopallial lamina. Neurons in area X were recorded in 126 voltage clamp mode using the "blind" whole-cell technique (Blanton et al., 1989) . Glass 127 pipettes (5-10 MΩ) were pulled to have a tip of <2 µm in diameter (Micropipette Puller 128 P-97, Sutter Instrument Co., Novato, CA) and filled with internal solution containing (in 129 mM): 120 Cs-gluconate, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 ATP, 0.3 GTP, and 2 MgCl 2 , 5 QX-130 314, 10 phosphocreatine, pH 7.25-7.35, osmolality 288-300 mOsm. At the onset of 131 each recording day, 0.5% biocytin (Vector Laboratories, Burlingame, CA) was added to 132 the internal solution to allow post hoc histological reconstruction of the cells recorded. 133 Current signals were amplified and low-pass filtered at 3 kHz with a MultiClamp 700A 134 amplifier. Signals were digitized at 10 kHz with a DigiData 1322A data-acquisition 135 system, and recorded with Clampex 9.0 software (Axon Instruments, Foster City, CA). 136
Drugs used in these experiments include R-(+)-(2,3-dihydro-5-methyl-3-[(4-137 morpholinyl)methyl]pyrol[1,2,3-de]1,4-benzoxazin-6-yl)-(1-naphthalenyl) methanone 138 (WIN 55,212-2; WIN), N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-139 voltage-activated Na channels) to obtain better voltage-clamp recordings, it was not 149 possible to identify spiny neurons using the common criteria such as inward rectification 150 or delayed firing in current-clamp mode. Instead, we identified neurons based on the 151 following properties: (1) spontaneous activity (we observed whether the cell was 152 spontaneously active during tight-seal formation); (2) intrinsic properties; after the cell 153 was clamped at a holding potential of -80 mV, we monitored its response to a recording quality, were monitored with a 50 ms hyperpolarizing voltage pulse of 5 mV 167 on each sweep of data collected. Series resistance was continuously monitored (median 168 pulse-interval to measure the paired pulse ratio, a test for possible involvement of 171 presynaptic sites of action (Manabe et al., 1993) . 172 173 Experimental Design and Data analysis. Data were analyzed using a combination of 174 Clampfit 9.0 (Axon Instruments), IGOR 4.0 (WaveMetrics, Lake Oswego, OR), Excel 175 (Microsoft, Redmond, WA) and Matlab (MathWorks, Natick, MA) software. 176
To measure EPSC amplitude, the size of the absolute peak current following 177 stimulation was measured. The paired-pulse ratio was calculated as the amplitude of 178 the 2 nd EPSC divided by the amplitude of the 1 st EPSC. To determine the effect of drug 179 on EPSC amplitude, for each cell the peak amplitude of ten consecutive traces just prior 180 to drug application and ten consecutive traces preceding drug washout were averaged 181 to derive the baseline and drug amplitudes, respectively. To compare between drug 182 manipulations the percentage change was calculated for each cell. The percentage 183 change induced by drug application was calculated as (post drug -pre drug)/pre 184 drug*100. Data are presented as the mean ± SE unless otherwise stated. 185
For the depolarization experiments we delivered a single square voltage pulse 186 from -80 to 0 mV (of either 5 or 10 s duration). To test for an immediate effect of 187 depolarization a baseline measure (last 2 min before onset of depolarization) was 188 compared to the first six traces (first min) following depolarization. To assess the long-189 term effect of depolarization on EPSC amplitude, the baseline traces were compared to 190 the last six traces of each recording. Because depolarization experiments were initially 191 expected to yield effects of less than two minutes in total duration, most cells were 192 recorded for the duration of 5 min. Those cells from each group that were recorded for 193 ≥10 min were assessed to determine the stability of depolarization induced long-term 194 effects. Therefore, measurements of long-term effects of depolarization were made at 195 both 5 min and 10 min post depolarization time points. For both 5 min and 10 min post-196 depolarization comparisons the percentage change was calculated for each cell as 
RESULTS

217
We recorded from a total of 74 neurons in area X from 47 adult zebra finches. All 218 recovered cells were confirmed to be spiny neurons with post hoc histology (see 219
METHODS). 220 221
Spiny neuron identification 222
On the basis of criteria described in Materials and Methods we were able to distinguish 223 spiny neurons from other cell types in area X. In response to the standard voltage ramp, 224 putative spiny neurons showed a distinct large inward current (Fig. 1C ). Non-spiny 225 neurons responded with mostly outward current and occasional inward inflections 226 (likely unclamped sodium currents). 227
Exogenous activation of CB 1 receptors in area X reduces synaptic strength 229
To determine the capacity for CB 1 receptor activation to modulate spiny neuron 230 synaptic strength, we bath applied WIN to acute brain slices while recording in whole 231 cell mode. An example cell ( Fig. 2A) shows that bath application of 1 µM WIN reduced 232 EPSC amplitude (EPSC amplitude expressed as a percentage of baseline: 73% ± 2%). In 233 addition, the paired pulse ratio increased following the superfusion of WIN (112% ± 6%) 234 indicating a decrease in the probability of neurotransmitter release. Group data ( Fig.  235 2C-E) show that on average 1 µM WIN reduced EPSC amplitude to 67% ± 6% of baseline 236 (n = 7; p < 0.01; paired t test), and increased paired pulse ratio to 114% ± 5% of baseline 237 ( p < 0.05; paired t test; Fig. 2E ). 238 239
Antagonism of the CB 1 receptor blocks exogenous endocannabinoid mediated reduction 240 of synaptic strength 241
To confirm that WIN mediated suppression of EPSC amplitude was the result of 242 activation of CB 1 receptors we next applied a CB 1 receptor antagonist prior to and 243 during the superfusion of WIN. An example cell ( Fig. 2B) shows that 4 µM AM251 244 delivered along with 1 μM WIN blocked the reduction in synaptic strength induced by 245 exogenous CB 1 receptor activation (93% ± 2% of baseline) with no change in paired 246 pulse ratio (100% ± 3% of baseline). On average AM251 blocked the WIN induced 247 depression of EPSC amplitude (98% ± 5% of baseline; n=6; p = 0.65; paired t test; Fig. 2C -248 E). In Fig. 2D , comparison between the two drug conditions using an unpaired u-test 249
(Mann-Whitney) shows that the decrease in EPSC amplitude following application of 250 WIN was blocked by AM251 (73% and 95%, WIN and AM251, respectively; medians of % 251 baseline; p < 0.01). In addition, the paired pulse ratio remained unaltered in the 252 presence of AM251 (100% ± 4% of baseline; p = 0.98; paired t test). Together these data 253 establish that activation of CB 1 receptors reduces glutamate release from HVC and 254 LMAN terminals onto spiny neurons ( Fig. 2E ). 255
Activation of group I mGluRs induced endocannabinoid mediated suppression of EPSC 257 amplitude on spiny neurons 258
To test for endogenous endocannabinoid mediated retrograde suppression we 259 We found that in area X, bath application of DHPG (100 μM) readily induced a 265 depression of synaptic transmission (48% ± 7% of baseline; n=7; p < 0.001; paired t test; 266 We examined the capacity of postsynaptic depolarization alone to suppress excitatory 278 activity and whether the subsequent suppression was mediated by eCBs. We observed 279 that a 10 s depolarization effectively decreased EPSC amplitude measured in the first 280 minute following depolarization whereas a shorter depolarizing voltage pulse of 5 s was 281 insufficient to induce a decrease in EPSC amplitude (EPSC amplitude expressed as a 282 percentage of baseline: 84% ± 3% p < 0.001; 99% ± 5%; p = 0.75; 10 s and 5 s 283 depolarization, respectively; Fig. 4A, B ). In addition, we observed that the EPSC min after depolarization; this prolonged depression following depolarization is unusual 286 we measured changes in EPSC amplitude at two additional time points: 5 min and 10 290 min post depolarization (see Methods). At 5 min post depolarization, 5 s depolarization 291 had no effect on EPSC amplitude (100% ± 4%; p = 0.85; Fig. 4A ). However, the decrease 292 in EPSC amplitude following a 10 s depolarization was sustained (73% ± 5% p < 0.001). 293
Similar findings were observed at 10 min post depolarization (10 s, 54% ± 11% p < 0.05; 294 5 s, 101% ± 11%; p = 0.94). 295
In several regions of the mammalian brain, transient suppression of presynaptic 296 transmitter release through postsynaptic depolarization is regulated by the retrograde 297 activity of eCBs. As one test of the source of the suppression following a 10 s 298 depolarization, we observed that the paired pulse ratio was significantly increased from 299 baseline at 5 min and 10 min post depolarization (change in paired pulse ratio expressed 300 as a percent of baseline; 118% ± 6%, and 145% ± 24%, 5 and 10 min respectively; Fig. 4C ). 301 Therefore, to assess whether putative retrograde eCB-activity mediated the suppression 302 observed following the 10 s depolarization, we superfused AM251 before and after 303 postsynaptic depolarization. We found that blockade of CB 1 R activation prevented the 304 synaptic depression induced by a 10 s postsynaptic depolarization both at the first 305 minute following depolarization (EPSC amplitude expressed as a percent of baseline: 306 107% ± 4% p = 0.34) and 5 minutes post depolarization (100% ± 5% p = 0.87). 307
Two cells in the 10 s depolarization with AM251 group were recorded for ≥10 308 min and EPSC amplitude measured at the 10 min time point in these cells fell within the 309 range of the 5 s cells at 10min (97% ± 3%). Statistical analysis (one-way ANOVA) of 310 depolarization showed that EPSC amplitude following the 10 s voltage pulse was 319 significantly decreased compared to both 5 s and 10 s with AM251 (for both p < 0.01). 320
There was no difference between the change in EPSC amplitude for 5 s and 10 s in the 321 presence of AM251. Finally, at 10 min post depolarization, an unpaired u-test (Mann-322 Whitney) showed that following a 10 s voltage pulse, EPSC amplitude was significantly 323 decreased when compared to the change in EPSC amplitude following a 5 s voltage 324 pulse (p < 0.05; Fig. 4B ). The two cells recorded for 10 min post depolarization following 325 the 10 s voltage pulse with application of AM251 showed no effect on EPSC amplitude 326 similar to the 5 s depolarization group at 10 min post. respectively; medians of % baseline; p < 0.001; Fig. 5A 2 ) . group using an unpaired u-test (Mann-Whitney) showed that the DSE was reversed 363 when AM251 was applied 2 min after depolarization, but not when it was applied 5 min 364 after depolarization (103% and 59%, 2 min and 5 min, respectively; medians of % 365 baseline; p < 0.05; Fig. 5B 2 ) . These data indicate that similar to mammalian striatal eCB-366 LTD, sustained activation of CB 1 Rs is not necessary to maintain the reduction in synaptic 367 strength; rather, transient eCB activity interacts with another putative presynaptic signal 368 (Ronesi et al, 2004) . 369
DISCUSSION
373
We report here that activation of CB 1 receptors at glutamatergic synapses onto spiny 374 neurons in the avian basal ganglia nucleus area X reduces synaptic strength through 375 reduced presynaptic release probability. In addition, activation of group I mGluRs with 376 the agonist DHPG induced a similar presynaptic depression. This effect was blocked by 377 the CB 1 R antagonist AM251, consistent with mGluR activation leading to production of Consistent with presynaptic HFS (high-frequency stimulation) induced eCB-LTD in 384 mammals, we found that CB 1 R activation is necessary for induction but not maintenance 385 of prolonged suppression of synaptic strength (Ronesi et al, 2004) . Overall, these 386 findings suggest that eCB-mediated striatal plasticity may be one mechanism through 387 which eCBs are involved in vocal learning. can induce a rapid suppression of EPSC amplitude confounds interpretation of the 419 contribution that each mechanism makes to triggering eCB mediated suppression of 420 synaptic activity. Our finding that a 10 s voltage pulse alone is sufficient to induce 421 suppression of EPSCs suggests that the combination of group 1 mGluR activation with a 422 5 s depolarization may additively increase intracellular calcium, thereby inducing 423 synaptic suppression, whereas a 5 s depolarization alone may by ineffective due to 424 inadequate eCB synthesis. At minimum, we confirm through intracellular application of 425 a Ca ++ chelator that the striatal, eCB-meditated DSE reported here requires an elevation 426 of Ca ++ , consistent with previous observations of postsynaptic depolarization induced 427 short-term plasticity (Alger, 2002) . rodents. Although a 10 s depolarization is highly non-physiological, it was sufficient to 449 reveal endogenous cannabinoid activity. In future experiments, it will of interest to test 450 whether more physiological depolarization protocols (i.e. bursts of action potentials) 451 can induce DSE in songbird BG. 452
Another possibility suggested through work by Ronesi et al. (2004) is that CB 1 R 453 activation is necessary only for induction, but not maintenance of eCB-mediated 454 suppression. We tested for this possibility by delaying the application of a CB 1 R 455 antagonist after postsynaptic depolarization. Consistent with a differential contribution 456 of eCBs to the induction and maintenance of LTD, we find that early (2 min after 457 depolarization), but not late (5 min after depolarization) CB 1 R blockade rescues the possible that the 10 s depolarization used here causes the release of eCBs sufficient to 460 induce suppression, but that some other mechanism maintains the suppression. 
Endocannabinoid-mediated striatal plasticity and vocal Learning 484
Avian and mammalian CB 1 Rs are highly conserved, exhibiting 92% predicted amino acid 485 identity between zebra finch and human Johnson, 2000, 2001) . 486 localized to song control nuclei (Soderstrom and Tian, 2006) . Expression of CB 1 R within 489 song control nuclei increases over the course of song development, peaking around 80 490 dph, which corresponds with the closure of the sensorimotor phase of song learning 491 (Soderstrom and Tian, 2006) . Systemic exposure to cannabinoid agonists during late 492 postnatal development markedly alters song learning by increasing the incidence of 493 non-learned syllables, and decreasing production of tutor-matched syllables, essentially 494 disrupting syllable stereotypy (Soderstrom and Johnson, 2003; Soderstrom and Tian, 495 2004) . Moreover, exposure to cannabinoids during adulthood reduces locomotor 496 activity and overall daily song bout production, but has no effect on song structure, 497 which is consistent with the idea that eCB modulation contributes to vocal learning. 498
Our findings build upon the existing knowledge of CB 1 R activity in the song 499 control circuit of the zebra finch in two important ways. First, this is the first report on 500 the electrophysiological effects of CB 1 R activation in the zebra finch CNS. We find 501 effects of CB 1 R activation on palliostriatal excitatory synapses that are very similar to 502 those observed at mammalian corticostriatal synapses. Second, our finding that eCBs 503 mediate the synaptic depression caused by mGluR activation or by postsynaptic 504 Comparison between the two drug conditions using an unpaired u-test (Mann-Whitney) 854
shows that the decrease in EPSC amplitude following application of WIN was blocked by 855 AM251 (median values 45% and 99%, DHPG and AM251, respectively; p < 0.01). C, 856
Scatter plot of paired-pulse ratio (PPR) plotted for each cell (baseline PPR on x-axis 857 against post drug PPR on y-axis). Consistent with a presynaptic locus of the suppression 858 of EPSC amplitude, we observed reduction in the paired pulse ratio following application EPSC amplitude following the 10 s voltage pulse was significantly decreased compared 867 to both 5 s (p < 0.01) and 10 s with AM251 (p < 0.001); however, there was no 868 difference between the change in EPSC amplitude for 5 s and 10 s with AM251. Also, at 869 5 min after depolarization, EPSC amplitude following the 10 s voltage pulse was 870 significantly smaller than after either 5 s depolarization or 10 s depolarization with 871 AM251 (for both p < 0.01). There was, however, no difference between the change in 872 EPSC amplitude for 5 s depolarization and 10 s depolarization with AM251. Finally, at 10 873 min post depolarization, an unpaired u-test (Mann-Whitney) showed that following a 10 874 s voltage pulse, EPSC amplitude was significantly decreased when compared to a 5 s 875 voltage pulse. C, Analysis of EPSC amplitudes in the 10 s voltage pulse group shows that 876 the paired pulse ratio does not significantly differ from baseline until 5 min post 877 depolarization (118% ± 6%, p < 0.05; paired t-test; mean ± SEM), but that the elevated 878 paired pulse ratio is sustained 10 min post depolarization. This coincides with the 879 sustained decrease in EPSC amplitude (145% ± 24%, p < 0.05; paired t-test; first three 880 scatter plots: black dots represent individual cells, white dots represent the average). 
